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Recent studies have clarified how the active form of
the Drosophila EGF receptor ligand Spitz is
produced: Star chaperones Spitz in the ER and
mediates its transport to the Golgi, where the
intramembrane serine protease Rhomboid cleaves
the Spitz proprotein to initiate secretion.
The epidermal growth factor (EGF) receptor controls
many processes during the development of invertebrates
and vertebrates [1,2]. It is activated by small secreted
signalling molecules, such as EGF or transforming
growth factor α (TGF-α). In Drosophila, the TGF-α homo-
logue Spitz is the main activator of the fly’s single EGF
receptor. Like its vertebrate homologue, Spitz is made as
a membrane-bound precursor that requires proteolytic
cleavage for release from the cell [3–6].
The genes for the EGF receptor and Spitz are broadly
expressed during Drosophila development. Differential
activation of the EGF receptor by Spitz is likely mediated
by modulation of Spitz processing. Genetic evidence
indicates that Star and Rhomboid play important roles in
this process [5,7]. An assay system developed by Bang
and Kintner [6] has provided evidence that Star and
Rhomboid are directly involved in cleaving the Spitz pre-
cursor in its transmembrane domain. But the precise bio-
chemical functions of Star, a type II transmembrane
domain protein [8], and Rhomboid, a seven transmem-
brane domain protein [9], were until recently unclear,
although some data suggested a role for Star and Rhom-
boid during ligand presentation at the cell membrane [6].
This view has now been challenged by Matthew
Freeman and colleagues [10,11]. They have convinc-
ingly shown that Star chaperones the Spitz precursor
in the endoplasmic reticulum (ER) and directs its
transport to the Golgi complex. Here, Spitz is prote-
olytically cleaved by Rhomboid [10] which, as Urban
et al. [11] were able to show, is a novel intramembrane
serine protease. As genome projects have revealed,
Rhomboid itself is a member of a large protein family
conserved from bacteria to man, and the new work
therefore defines a novel family of proteases [12,13]
likely to be involved in a variety of different processes.
Drosophila itself has seven different Rhomboid-like
proteins, three of which — Rhomboid-1, Rhomboid-2
and Rhomboid-3 — have been associated with EGF-
receptor signalling [12,13].
Lee et al. [10] expressed high levels of Spitz in
Drosophila embryos and observed its processing after
immune precipitation in the presence or absence of
Star and Rhomboid-1. As described before [6], no
soluble Spitz protein could be detected in the absence
of Rhomboid. In the presence of Star and Rhomboid-1,
Spitz is processed and secreted. Pulse-chase experi-
ments and genetic data showed that Spitz is quickly
degraded by a presumably endocytotic mechanism.
Lee et al. [10] also used mammalian tissue culture
cells: again, they found that efficient proteolytic cleav-
age of Spitz depended on the presence of both Star
and Rhomboid within the same cell.
The assumption that proteolytic processing occurs
within the cell implies that Star and Rhomboid are
present at the appropriate sites. The subcellular local-
isation of Star and Rhomboid was assayed using
tagged proteins and confocal analyses in COS cells
and in Drosophila. When only Spitz was present, it
was found to be localised in the ER (Figure 1). Star
showed a broader distribution, being found in the ER,
the Golgi complex and, in parts, the plasma mem-
brane [10,14]. Rhomboid-1 was confined to the Golgi
[10], similar to the localization reported earlier for
Rhomboid-1 in Drosophila cells [15] (Figure 1). When
Spitz and Star were coproduced, Spitz localised to the
Golgi rather than the ER. So Star appears to chaper-
one Spitz as it is made in the ER, thereby regulating its
entry into the secretory pathway via the Golgi
(Figure 1). Spitz and Star always colocalise, and Spitz
is able to reach the cell surface in the presence of
Star. When Rhomboid was present too, surface-
bound Spitz was abolished, suggesting that Spitz is
cleaved in the Golgi where Rhomboid is localised.
Intriguingly, Lee et al. [10] observed that different
glycosylated forms of Spitz are produced in vivo. Two
different glycosylations occur within cells: N-linked
oligosaccharides are attached to proteins in the ER,
and O-linked sugars are often added during passage
through the Golgi. These different events can be enzy-
matically distinguished. When Spitz was made in the
absence of Star, all added oligosaccharides could be
removed by Endo-H, indicating that the Spitz precur-
sor is glycosylated in the ER. With Star and Rhom-
boid-1 also present, additional oligosaccharides were
found to be attached to Spitz that are sensitive to
enzymes that remove O-linked oligosaccharides. As
shown by pulse-chase experiments in COS cells,
cleavage of Spitz occurs before O-linked glycosyla-
tion, indicating that Rhomboid-1 must promote Spitz
cleavage in the Golgi (Figure 1D).
How is the route of Spitz regulated on its way
through the different subcellular compartments? Does
it depend on the cytoplasmic or lumenal (extracellular)
domains of Spitz and Star? To address these ques-
tions, domain-swap experiments were done with the
constitutively secreted mammalian TGF-α [10]. The
results showed that the cytoplasmic carboxy-terminal
domain and a small extracellular domain close to the
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transmembrane domain are required for Star-depen-
dent localisation of the Spitz precursor to the Golgi.
Indeed, the lumenal domain of Spitz appears sufficient
for Star-dependent transfer to the Golgi. In agreement
with this, the lumenal domain of Star was shown to be
indispensable for its function and even a small dele-
tion of 47 lumenal amino acids rendered Star inactive.
Lee et al. [10] found that a chimeric TGF-α protein
containing the transmembrane domain of Spitz was
translocated to the Golgi independently of Star, where
it underwent Rhomboid-1-promoted cleavage. This
again shows that proteolysis depends on the subcel-
lular localisation of the target protein, and as expected
[6] this requires the transmembrane domain of Spitz.
In contrast, a TGF-α:Spitz chimera containing both
transmembrane and cytoplasmic domains of Spitz
was held strictly in the ER and not cleaved, as
expected given that Rhomboid is present only in the
Golgi [10]. Star thus chaperones Spitz into the Golgi,
either by blocking an ER retention signal or by actively
promoting export of Spitz. As Rhomboid-1-promoted
proteolysis of certain chimeras can occur in Star’s
absence, it does not appear to be a necessary cofac-
tor, but it may be required for efficient secretion of
Spitz. Earlier work [6] suggested that Star and Rhom-
boid-1 act at the cell surface during presentation of
Spitz to the EGF receptor. This was inferred from a
Spitz variant (Spi-∆15) which, in a Xenopus assay, did
not show detectable cleavage but still allowed EGF
receptor activation. Cleavage of this variant was,
however, demonstrated in the more sensitive assay
used by Lee at al. [10], although Star dependent local-
isation of this variant to the Golgi was impaired.
What enzyme cleaves Spitz in the Golgi? A prime
candidate for this was TNF-α converting enzyme
(TACE), a metalloprotease of the ADAM family that
cleaves the mammalian Spitz homologue TGF-α [16].
But experiments with potent specific inhibitors indi-
cated that metalloproteases make no obvious contri-
bution to normal Spitz cleavage. This was supported
further by RNA inactivation (RNAi) experiments, which
gave no indication that the Drosophila TACE homo-
logue is involved in Spitz cleavage [10]. So the ques-
tion remained whether Rhomboid-1, with or without
Star, recruits an as yet uncharacterised protease, or
whether it might be the long-sought intramembrane
protease that cleaves the Spitz precursor. In the
second study, Urban et al. [11] convincingly showed
that Rhomboid is indeed a novel type of intramem-
brane serine protease.
As all the evidence suggested that Rhomboid is the
responsible protease, Urban et al. [11] compared 75
Rhomboid sequences to identify potentially catalytic
residues. They identified 18 invariant residues, of which
seven were glycines. Assuming that, as glycine lacks a
side chain, it would not be catalytic, Urban et al. [11]
mutated the 11 non-glycine residues and tested the pro-
teolytic properties of the resulting mutant proteins. They
found six residues were absolutely required for catalytic
activity, and identified a crucial sequence motif. This
motif, located around residues G215–S217, is remark-
ably similar to a sequence found around the active site
of serine proteases, indicating that Rhomboid may be a
novel serine protease with its active site within its trans-
membrane domains (Figure 2). To further validate this
finding, Urban et al. [11] showed that Rhomboid acts
catalytically during Spitz cleavage. As expected for an
enzymatic activity, a 1000-fold reduction of Rhomboid
levels did not affect efficient Spitz proteolysis. In con-
trast, reduction of the levels of Star or Spitz led to a con-
comitant decline in Spitz processing. This further
suggests that Star acts in a non-catalytic fashion, chap-
eroning Spitz from the ER to the Golgi.
As suggested earlier [6], Spitz is cleaved in its trans-
membrane domain [10,11]. Although the exact cleav-
age site is not yet known, the new data indicate that
cleavage occurs close to the lumenal side of Spitz
(Figure 2). This agrees with the location of the pre-
sumed active site of Rhomboid deduced from the
mutational studies. The membrane topology of Rhom-
boid was verified by adding a carboxy-terminal KDEL
sequence motif that, via lumenal interactions, retains
proteins in the endoplasmic reticulum.
Finally, if Rhomboid is a serine protease that
cleaves Spitz, it should be sensitive to serine protease
inhibitors, and in their presence Rhomboid should
become rate limiting during Spitz cleavage. This indeed
turned out to be the case. Urban et al. [11] showed
two different serine protease inhibitors, DCI and TPCK,
efficiently inhibited proteolytic processing of Spitz (but
did not affect secretion of a Spitz variant lacking
transmembrane and cytoplasmic domains). In contrast,
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Figure 1. Intracellular control of Spitz
activation.
Lee et al. [10] transfected Drosophila cells
to produce tagged Rhomboid or Spitz. 
(A) Rhomboid localises to the Golgi and
(B) Spitz to the ER. (C) On coexpression
with Star, Spitz is efficiently localised to
the Golgi. (D) A model of Star and Rhom-
boid function during secretion of Spitz:
(1) Spitz is made at the ER where it is
N-glyclosylated (not indicated); (2) Spitz is
retained in the ER until (3) Star chaper-
ones it to the Golgi; (4) in the Golgi, Rhom-
boid-1 cleaves the Spitz protein which
subsequently becomes O-glycosylated
and secreted (5). (Adapted from [10].)
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compounds blocking cysteine proteases, calpain,
aspartyl proteases, metalloproteases and the intra-
membrane protease presenilin did not affect Spitz
processing [11]. These data support the notion that
Drosophila Rhomboid-1 is a novel serine protease that
cleaves the Spitz protein. Do all Rhomboids have such
enzymatic capabilities? Given that a human Rhom-
boid-like protein, with only 32% sequence identity to
Drosophila Rhomboid-1, can induce Spitz cleavage
only when the core catalytic residues are unchanged,
it appears very likely that a general feature of Rhom-
boids is an intramembrane serine protease activity.
Intramembrane proteolysis has only recently been
recognised as an important control mechanism found
throughout evolution [17]. Bacteria use it to generate
extracellular pheromones or to liberate transcription
factors within the cell [18,19]. Similarly, eukaryotic cells
employ intramembrane proteolysis in diverse cellular
processes, such as lipid metabolism, the response to
unfolded proteins and cell differentiation (reviewed in
[17]). Both type I and type II membrane-spanning pro-
teins can be cleaved, and cleavage can occur in the
ER, the Golgi or at the cell membrane. As diverse as
these locations are the enzymes involved which range
from serine proteases, like the Rhomboids, to aspartyl
or metalloproteases [11,17,20]. The recent experiments
of Freeman’s group [10,11] will end a long debate on
the function of Star and Rhomboid during Spitz pro-
cessing. They will also inspire research towards under-
standing the cellular targets and the functions of the
many Rhomboid-like proteins conserved from bacteria
to man in intramembrane proteolysis.
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Figure 2. Rhomboid is a novel intramembrane serine protease.
(A) Urban et al. [11] compared the sequences of 75 Rhomboids
and identified six residues that are absolutely required for Rhom-
boid-1 activity: W151, R152, N169, G215, S217, and H281. This
defined a sequence motif around the essential amino acids G215
and S217 (underlined) which is very similar to a sequence motif
found at the active site of S1A type serine proteases (about 200
sequences were compared; the numbers indicate percentage of
conservation). (B) Schematic view of the possible mechanism of
Rhomboid-1 protease function. The typical catalytic triad found
in serine proteases comprises aspartate, histidine and serine. In
the protease Papain, however, the histidine is replaced — as in
Rhomboid-1 — by asparagine. Asparagine and histidine may
activate the serine residue for peptide bond cleavage. Essential
amino acids are shown in red; cleavage of Spitz is thought to
occur close to the lumenal side. (Figure adapted from [11].)
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